The degrees of competence of opaque and transparent colony variants of Streptococcus pneumoniae were compared. The transparent variants were transformed at 9-to 670-fold-higher rates than the opaque variants, independent of the DNA incorporated, due to decreased expression of capsular polysaccharide. Genetic transformation, therefore, tends to select for a less-encapsulated subpopulation.
Streptococcus pneumoniae, the pneumococcus, is capable of considerable interstrain heterogeneity, as evidenced by its ability to express at least 90 unique types of its major virulence determinant, the capsular polysaccharide. The virulence of the pneumococcus has been shown to be highly sensitive to relatively small differences in amounts of capsular polysaccharide between strains of the same type (7) . In addition, there is marked intrastrain variation which is apparent in most isolates as differences between opaque and transparent phenotypes when colonies are viewed on translucent surfaces rather than blood agar (19, 20) . Transparent variants show increased adherence to human epithelial cells and are selected for during nasopharyngeal carriage in animal models of carriage but are unable to cause sepsis (2, 4) . In comparison to opaque forms, the transparent variants have greater amounts of cell wall teichoic acid (C-polysaccharide) and an altered distribution of proteins anchored to the choline moiety on the teichoic acid (14, 18) . Opaque pneumococci, in contrast, express from 2.5-to 22-fold more cell-associated capsular polysaccharide, as measured by capture enzyme-linked immunosorbent assay, than do transparent variants of the same strain (5) . The increased expression of capsular polysaccharide by opaque pneumococci (i) hinders cytoadherence, which may account for their inefficiency at colonization of the nasopharynx, and (ii) increases resistance to opsonophagocytosis, which may explain their greater virulence in a murine model of sepsis (4, 5, 13 ). An isolate of S. pneumoniae, therefore, should be considered a mixed population of phenotypes which differ in amounts of capsular polysaccharide, teichoic acid, and choline-binding proteins.
It has long been recognized that encapsulation reduces the natural competence of the pneumococcus for genetic transformation (12, 17) . Many encapsulated strains have the potential to become competent when treated with sufficient amounts of competence factor, suggesting that the capsular polysaccharide acts as a barrier that prevents this factor from reaching its cellular target (21) . The recent identification of quorum-sensing pheromones which act to induce competence has greatly facilitated the molecular analysis of encapsulated strains for virulence studies (3, 10, 16) . Many encapsulated strains are rendered competent by either of two related 17-residue competence-stimulating peptides, CSP1 or CSP2, depending on whether the isolate carries the comC1 or comC2 allele (11) . The purpose of this report was to determine the effect of variation in colony phenotype and intrastrain heterogeneity in the quantity of capsular polysaccharide on pneumococcal competence.
The degrees of competence of opaque and transparent variants of three genetically unrelated clinical isolates of types 6B, 6A, and 23F were compared (Table 1) . After the colony morphology was confirmed as previously described, cells with Ͼ99% similarity to the desired phenotype were grown in CϩY medium, pH 8.0, to an optical density at 620 nm of 0.15 and were transformed by the method of Lacks (6, 20) . In all transformation experiments prior to the addition of DNA, the cells were incubated for 15 min with 50 ng of synthetic CSP1 (for type 6B and mutants or variants related to D39) or CSP2 (for type 6A and 23F) per ml. The two unrelated genetic markers used in transformation experiments included (i) chromosomal DNA obtained from a spontaneous streptomycin-resistant mutant of S. pneumoniae R6 and (ii) plasmid DNA purified from Escherichia coli containing an insert with a cloned pneumococcal XbaI-like methylase gene isolated from strain P314 which was interrupted by insertion of a kanamycin resistance cassette (⍀km-2) within the insert (9) . Introduction of the plasmid, which cannot replicate in the pneumococcus, results in a chromosomal insertion event as a result of homologous recombination within the methylase gene. The frequency of transformation was determined by comparing the number of colonies in the presence (transformants) and absence (transformants plus nontransformants) of streptomycin (200 g/ml) for chromosomal DNA or kanamycin (300 g/ml) for plasmid DNA. In preliminary experiments, the streptomycin resistance marker was transformed from the R6 genetic background into both opaque and transparent variants of P314. Streptomycin-resistant mutants of P314 variants were then used as a source of chromosomal DNA isolated as previously described (8) . There was, however, no difference in transformation frequency related to the genetic background or opacity phenotype of the chromosomal DNA used (data not shown). Genetic transformation of the encapsulated strains was rare in the absence of CSP1 or CSP2. In the presence of CSP1 or CSP2 the difference in transformation frequency between opaque and transparent variants was unaffected by the cell density at the time the DNA was added (data not shown).
There was a strong correlation between colony phenotype and competence for genetic transformation for each of the three types tested. The transformation frequencies were an average of 34-, 54-, and 670-fold higher for transparent variants than for opaque variants of the same strain for type 6B, 6A, and 23F isolates, respectively, when chromosomal DNA was used (Fig. 1A) . This difference was independent of the specific marker used or the origin of the DNA, since transformation frequencies were also higher (9-to 52-fold) for transparent variants than for opaque variants when plasmid DNA was used. Rates of transformation with plasmid DNA, however, were uniformly lower than with chromosomal DNA (Fig.  1B) . P806, an opaque phase variant of the highly competent transparent P765, could no longer be transformed at a high frequency, confirming the association between colony phenotype and competence. Similar differences in transformation frequency were observed when opaque and transparent variants of strain P314 were mixed and treated together to induce competence. After addition of chromosomal DNA, 75.6% of the streptomycin-sensitive cells (nontransformants) were opaque, whereas only 1.6% of streptomycin-resistant cells (transformants) were opaque. The experiment with a mixed population showed that under identical conditions the opaque form was less competent and that no factors from transparent pneumococci could overcome the relative incompetence of opaque pneumococci derived from the same strain.
The question of which of the multiple cellular factors that vary in association with colony morphology was responsible for differences in rates of transformation was addressed by analysis of unencapsulated mutants derived from strain D39. D39 was transformed at a low frequency (0.032 and 0.0019%, with chromosomal and plasmid DNA, respectively). As expected, unencapsulated mutants P125 and P126, derived from D39, were transformed at substantially higher rates. Correction of the loss of capsule mutation to generate P138 was associated with a marked decline in competence, confirming the inhibitory effect of capsulation on transformation (Fig. 2) . There was no significant difference, however, between opaque and transparent variants of the unencapsulated mutant in the rate of transformation with either the chromosomal ( Fig. 2A) or plasmid (Fig.   FIG. 1 . Comparison of the frequencies of genetic transformation in encapsulated variants. Isolates of the three types indicated below were divided into opaque (gray bars) and transparent (solid bars) phenotypes. After treatment to induce competence with CSP, the transformation frequency [number of transformants/(number transformants ϩ nontransformants)] with chromosomal DNA (A) or plasmid DNA (B) was determined. For the type 6B isolate a spontaneous opaque revertant (hatched bars) of the transparent variant was also tested. Values are the means of duplicate determinations of at least two independent experiments (n) Ϯ standard deviations (error bars) when n Ն 3). Asterisks represent significant differences (P Ͻ 0.001; Student's t test) in transformation frequency between opaque and transparent variants. VOL. 67, 1999 NOTES 3691 2B) markers. Since these variants are still known to differ in amounts of cell wall teichoic acid and choline-binding proteins, this suggests that the variation in the quantity of capsular polysaccharide rather than these other factors accounts for differences in rates of transformation in encapsulated phase variants (4, 14) . This study demonstrates that genetic manipulation of the pneumococcus based on its natural competence tends to select for transparent variants with smaller amounts of cellular capsular polysaccharide regardless of the DNA incorporated. Since clinical isolates are generally mixtures of opaque and transparent variants, selection based on genetic transformation will lead to enrichment of the subpopulation with the transparent phenotype. Intrastrain variants with the transparent phenotype have been shown to be better adapted for nasopharyngeal colonization and less virulent in experimental models of pneumococcal sepsis (4, 20) . Therefore, the loss of virulence in mutants generated by induction of competence may be a result of smaller amounts of capsular polysaccharide rather than the specific mutation tested. The quantity of capsular polysaccharide should be taken into consideration in virulence studies of the pneumococcus that depend on generation of mutants by natural transformation.
